The high electronegativity and small size of the fluorine atom and the high stability of C-F bonds impart interesting properties and applications to fluorine containing polymers. The unique properties of fluoropolymers include high thermal stability, improved chemical resistance, low surface energies, low coefficients of friction, and low dielectric constants. 1 Applications of fluorinated polymers include use as noncorrosive materials, polymer processing aids, chemically resistant and antifouling coatings, as well as interlayer dielectrics. Fluorine-containing polymers can be directly synthesized via polymerization of fluorine-containing monomers or by post-polymerization modification. 2 The latter method can be used to attach fluorinated species, such as perfluoroalkyl groups, onto conventional polymer chains, thereby imparting properties of fluorinecontaining polymers into conventional polymers and widening their range of potential applications.
in situ generated :CF 2 . Because of its unique six-membered ring structure, PCHD is considerably less flexible than other polydienes. This results in higher T g s, reduced solubility in common solvents, and even partial crystallinity. 10 Although 1,3-cyclohexadiene has been polymerized via different mechanisms, only in recent years has it been possible to create PCHD chains with controlled molecular weight and low polydispersity via anionic polymerization. In order to facilitate controlled polymerization, 1,4-diazabicyclo[2.2.2]octane (DABCO) 11 and N, N, N′, 12 are used as additives to minimize chain transfer and termination. The use of these additives alters the microstructure of PCHD, resulting in PCHDs of high 1,4-structure (95/5) or 1,4-/1,2-mixed structures (50/ 50) depending on the additive and its concentration. To this end, the physical properties of PCHD can be tailored through microstructural manipulation. 13 Fluorination of PCHD with :CF 2 yields polymeric materials with a unique structure: a bicyclic moiety where a three-membered ring is fused to a six-membered ring in each repeat unit on the polymer main chain. Unique, structurally related properties have been studied as discussed below, and novel applications are anticipated for these materials, such as use in alternative fuel cell membranes.Three linear PCHD samples with different molecular weights (5000 to 19 700 g/mol) and microstructures (samples A and B for high 1,4-structure; sample C for 50/50 mixed 1,4-/1,2-structure) were fluorinated. The addition of :CF 2 to the PCHD double bonds was confirmed by NMR, FT-IR and elemental analysis (Supporting Information) . No evidence for rearrangements is apparent from these data. Molecular weight and molecular weight distribution before and after fluorination were characterized by size exclusion chromatography (SEC), which was calibrated using polystyrene standards. The degree of fluorination was calculated based on the intensities of olefinic protons (5.5-5.8 ppm) with respect to saturated hydrocarbon groups (0.8-2.5 ppm) of PCHD. The SEC and 1 H NMR characterization results of samples before and after fluorination are summarized in Table  1 .
Purified benzene was chosen as the solvent since the PCHD and fluorinated PCHD samples are soluble or partially soluble in benzene at room temperature, and they are expected to form a homogeneous reaction mixture throughout the reaction at high temperature. The Parr reactor and reactants except HFPO were degassed twice under low temperature and high vacuum to avoid air and moisture which could cause side reactions at the experimental temperature (180°C). HFPO was transferred into the reactor from a tank with a regulator and the mass of HFPO transferred was monitored using an analytical balance.
Various reaction conditions were investigated to study how tunable factors, such as concentration of inhibitor, concentration of the reactants, reaction time, etc., affect the efficiency of fluorination and the extent of side reactions. 2,6-Di-tert-butyl-4-methylphenol (BHT) was used to prevent radical coupling of double bonds of PCHD, which would cause undesirable bimodal molecular weight distributions. Optimal BHT concentrations were determined as larger concentrations of BHT caused reduced molecular weight and broadened molecular weight distributions, as well as unwanted coloring. At a BHT concentration of 67 mg per 100 mL solvent, no indication of bimodal molecular weight distributions was observed in SEC. Excess HFPO (∼10-20 fold) was used in all reaction formulations. It was found that HFPO must attain minimal concentrations (∼40 g/L, 40 grams HFPO in a 1 L reactor) in order to achieve the highest degrees of fluorination.
Fluorination proceeded relatively quickly at the beginning of the reaction as nearly 75% of the double bonds were fluorinated within 2 h (see entry FA-2, Table 1 ). Fluorination of higher molecular weight PCHD (MW > 16 kg/mol) was maximized in 4-6 h (see entries FA-3 and FA-4, Table 1 ), while longer reaction times did not increase the degree of fluorination, but rather produced more insoluble materials and a deeper color in the mixture were observed (see entries FA-5 and FC-2, Table  1 ). The thermolysis of HFPO also generates undesired materials, including insoluble polydifluoromethylene (PTFE). 14 The nature of the polymer chain strongly affects the fluorination reaction. Fluorination of low molecular weight PCHD reached higher degrees of fluorination because of increased solubility compared to higher molecular weight PCHD (sample FB, Table 1 ). Similarly, PCHD microstructure appears to influence the degree of fluorination. We observed that fluorination of high 1,4-structured PCHD was greater than that of 50/ 50 mixed 1,4-/1,2-PCHD also due to its enhanced solubility before and after fluorination.
Molecular weight distribution broadening was observed in all samples having high 1,4-structure. It is postulated that this broadening could be simply caused by chain coupling and chain scission during fluorination at high temperatures. It is plausible that side reactions, such as the formation of byproducts from decomposing HFPO, 14 and the rearrangement of the resulting difluorocyclopropanated three-membered ring on the sixmembered ring structure along the polymer main chain triggered the broadening. 15 Interestingly, the C series of materials (entries FC-1 and FC-2, Table 1 ) shows an apparent decrease in molecular weight upon fluorination, but there is no broadening of the PDI as in the A and B series materials. We believe that the apparent molecular weight decrease is caused by a reduction of hydrodynamic volume upon fluorination resulting in higher elution volume. That the change in elution volume is caused by a reduction in hydrodynamic volume rather than degradation is supported by the lack of PDI broadening. The mixed microstructure (50/50 1,4-/1,2-) in the C series materials hinders fluorination due to comparatively lower solubility than high 1,4-materials. Subsequently, this results in a low level of chain coupling or chain scission and the PDI remains unchanged.
Thermal analysis (Table 1) indicated that fluorinated PCHDs have greater thermal stability as compared to their precursors, which is seen by increased temperatures for onset of decomposition (∼30°C enhancement in analogous series). Unlike pure PCHD which decomposed 100%, the fluorinated sample produced graphite-like residues. It was observed that upon pyrolysis, the residual mass was proportional to the degree of fluorination with little or no influence of the polymer microstructure. Fluorination also dramatically increased the glass transition temperature (∆T g ) +97°C, FC-2), where ∆T g increases sharply at moderate degrees of fluorination (50 < F < 75) and appears to reach a maximum (∆T g ∼ 80C for 86 < F < 95) at high degrees of fluorination. Moreover, microstructure appears to play a more significant role regarding the enhancement of T g . For example, sample FC-2 displays the greatest T g enhancement with only 73% fluorination. Fluorinated PCHD has the highest T g among all fluorinated polydienes: T g s of fluorinated polybutadiene and polyisoprene obtained via the same fluorination method are only -1 and +43°C, respectively. 7 As with other polydienes, the double bonds in PCHD are sensitive to physically and chemically induced degradation, which could limit its applications. Fluorination reduces the level of unsaturation and widens the range of potential applications of PCHD by improving its thermal and chemical stability. Surface properties, although not investigated, should also be impacted. We are presently synthesizing and characterizing fluorinated and sulfonated copolymers based upon PCHD, which have potential utility as fuel cell proton exchange membranes. a MW ) number-average molecular weight, Mn, determined by conventional calibration using narrow polystyrene standards; HFPO ) hexafluoropropylene oxide; BHT ) 2,6-di-tert-butyl-4-methylphenol; Tg ) glass transition temperature determined by differential scanning calorimetry. b With regard to the " sample" column, A, B, and C indicate parent or precursor PCHD materials, respectively. The prefix F (e.g., FA-1) indicates that the PCHD has been fluorinated by in situ generated difluorocarbenes. The suffix (e.g., FA-1), when used, identifies unique reaction conditions used in the fluorination process. 
